Glucose deprivation is a factor evoking endoplasmic reticulum (ER) stress and induction of expression of an oxygen-regulated protein of 150 kDa (ORP150). We studied the effect of inducible overexpression of ORP150 on senescence and apoptosis of human breast carcinoma cells (MCF7) and human skin fibroblasts. We found an inhibitory effect of ORP150 on apoptosis and senescence of MCF7 cells, but not fibroblasts in ER stress conditions. An increased expression of senescence-associated β-galactosidase and acid β-galactosidase activity (biomarkers of cellular senescence) was observed. We suggest that ORP150 induction in cancer cells can promote tumour progression and may be a major cause of their resistance to chemotherapeutics.
IntRODuCtIOn
Oxygen-regulated protein of molecular mass 150 kDa (ORP150) and glucose-regulated protein of molecular mass 170 (GRP170) are endoplasmic reticulum (ER) chaperones that facilitate protein folding (Yoshida, 2007) . GRP170 is a glycosylated form of ORP150. The ORP150/GRP170 system is part of the ER machinery that assists in the folding and assembly of secretory and membrane proteins within the ER (Flores-Diaz et al., 2004) . The expression of ORP150 increases in a range of pathologic situations such as brain ischaemia (Matsushita et al., 1998) , atherosclerotic plaques (Tsukamoto et al., 1996) and malignant tumours , suggesting that this chaperone is a factor in the cellular response to environmental stress.
Numerous stress conditions, such as glucose or oxygen deprivation, slow down protein folding and cause accumulation of unfolded/misfolded proteins in the cell (Ma & Hendershot, 2001; Harding et al., 2002; Kaufman et al., 2002) . The accumulation of unfolded proteins activates so called "unfolded protein response" (UPR), which involves at least four types of responses: translation attenuation (phosphorylation of translation initiation factor 2); increased folding capacity (biosynthesis of chaperones); enhanced degradation of misfolded proteins (endoplasmic-reticulum-associated protein degradation pathway); and apoptosis (when the stress is severe and unsolvable) (Ma & Hendershot, 2001; Harding et al., 2002; Kaufman et al., 2002) .
Apoptosis plays a major role in the control of cancer development. In fact, cells encounter multiple apoptotic stimuli during cancer progression, including nutrient deprivation or hypoxia. Accordingly, it has been suggested that the well-documented anti-apoptotic potential of chaperones may play a critical role in the suppression of apoptosis in cancer cells (Jolly & Morimoto, 2000; Soti et al., 2003; Mosser & Morimoto; . Recently, attention has shifted towards a novel role of cell senescence in the control of cancer development, and with this shift our view on the role of chaperones in cancer has also evolved towards appreciation of their major role in the regulation of senescence (Sherman & Multhoff, 2007) .
Senescence can be generally characterised as a cellular stress response. It is a signal transduction process that leads to an irreversible growth arrest of cells in the G1 cell cycle phase (Saretzki, 2010) . Our knowledge about cell senescence occurring in vivo and, most importantly, as a desired outcome of cancer treatment, is very limited and can still be viewed as an emerging field of study. The term senescence was originally applied to the irreversible growth arrest of cells after prolonged proliferation under in vitro cell culture conditions. Now it has been extended to the irreversible proliferation arrest of cells caused by various stresses, including oxidative damage, telomere dysfunction, DNA damage, and oncogeneinduced senescence as well (Chang et al., 1999a; b; Roninson, 2003; Dimri, 2005; Collado, 2007; Palaniyappan, 2009) . Tumour cells are exposed to many different, external as well as internal sources of stress, therefore the induction of senescence constitutes an important block to tumour progression (Saretzki, 2010) . Senescence is a potent anti-carcinogenic program and the process of neoplastic transformation involves a series of events that allow cells to bypass senescence by inactivation of senescence associated pathways. Still, many tumour cells have retained the capacity to senesce in response to external stress stimuli. Most conventional anti-cancer therapies activate DNA damage signaling pathways, thus aiming to induce primarily apoptotic cell death, but often the treated cells do not die by apoptosis but rather undergo growth arrest or senescence. It is not fully understood currently which specific signals cause cells to undergo either senescence or initiate apoptosis (Saretzki, 2010 ).
An increase of lysosomal mass is characteristic for senescent cells leading to higher expression of the lysosomal enzyme acid β-d-galactosidase (EC 3.2.1.23) (Nishi-* e-mail: mapasko@gmail.com Abbreviations: AIF, apoptosis inducing factor; ECM, extracellular matrix; ER, endoplasmic reticulum; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; GRP170, glucose-regulated protein 170; HER-2, human epidermal growth factor receptor 2 oncogene; HSP70, heat shock protein 70; ORP150, oxygen-regulated protein 150; PI, propidium iodide; PTEN, phosphatase and tensin homolog deleted on chromosome ten; RAF, serine/threonine-protein kinase proto-oncogene; SIPS, stress-induced premature senescence; TBS, tris-buffered saline; UPR, unfolded protein response. Vol. 60, No 2/2013 167-173 on-line at: www.actabp.pl gaki & Okada, 1998). It cleaves β-linked terminal galactosyl residues from a wide range of naturally occurring substrates, such as gangliosides, glycoproteins and glycosaminoglycans, as well as a number of artificial substrates (Kurz et al., 2000; Noppe et al., 2009) . Furthermore, the cytochemically detectable senescence-associated β-galactosidase (SA-β-galactosidase) is widely used as a marker of cellular senescence in vitro and in vivo (Lundberg et al., 2000; Severino et al., 2000; Yi, 2009) . Kurz et al. (Kurz et al., 2000) demonstrated a strong relationship between senescence and the increase in cellular lysosomal mass, β-galactosidase protein mass, β-galactosidase activity under various intracellular pH conditions, and SA-β-galactosidase cytochemical staining.
Senescence parallels an accumulation of damaged proteins in the cell. The attenuation of molecular chaperone inducibility and the simultaneous accumulation of damaged proteins raises the possibility that preservation of protein homeostasis is a major determinant of the occurrence and duration of cellular senescence (Soti et al., 2003) .
The role of oxygen regulated proteins (ORP150) in cancerogenesis and senescence remains unclear. We investigated the effect of ORP150 induction, in ER stress conditions, on the activity of senescence markers; SA-β-galactosidase and acid β-d-galactosidase in MCF7 cells in comparison to normal fibroblasts, and correlation of these activities with apoptosis of these cells.
MAtERIAls AnD MEthODs
Reagents. Cell-culture media [high-glucose DMEM (4.5 mg/ml, 25 mM) and low-glucose DMEM (0.5 mg/ ml, 2.8 mM)], glutamine, penicillin, streptomycin, trypsin-EDTA were provided by Invitrogen (San Diego, USA), passive lysis buffer by Promega (Madison, USA), FBS Gold by Gibco (San Diego, USA), BCA Protein Assay Kit by Thermo Scientific (Rockford, USA), PE Annexin V Apoptosis Detection Kit I by BD Pharmingen TM (CA, USA), Senescence Detection Kit by bioVision (CA, USA), p-nitrophenyl β-d-galactopyranoside, Sigma-Fast BCIP/NBT reagent by Sigma (St Louis, MO, USA), monoclonal (mouse) anti-human ORP150 antibody by IBL (Gunma, Japan) and alkaline phosphatase-labelled anti-mouse immunoglobulin G by Rockland (Pennsylvania, USA) Cell cultures. Human breast cancer cell line MCF7 (HTB-22) and normal human skin fibroblast cell line (CRL1474) were obtained from American Type Culture Collection (ATCC). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing glucose at 4.5 mg/ml (high-glucose DMEM) supplemented with 10% heat-inactivated foetal bovine serum GOLD (FBS GOLD), 2 mM l-glutamine, penicillin (100 U/ml) and streptomycin (100 μg/ml). Cells were cultured in Falcon flasks (BD) in a 5% CO 2 incubator (Galaxy S+), at 37°C. Subconfluent cultures were detached with 0.05% trypsin, 0.02% EDTA in calcium-free phosphate-buffered saline and counted in a Scepter cell counter (Millipore), then 5 × 10 5 cells were seeded in six-well plates in 2 ml of growth medium for determination of acid β-d-galactosidase activity and protein concentration. For cytochemical detection of SA-β-galactosidase the cells were seeded on Petri dishes (9.5 cm 2 ) and incubated for 3 days in the high-glucose DMEM. In these conditions they reached 70-80% confluenc. After this time the medium was removed and replaced with 2 ml of a fresh DMEM, high-or low-glucose, supplemented with 2 mM l-glutamine, penicillin (100 U/ml) and streptomycin (100 μg/ml). The incubation was continued for 12, 24 or 48 hours. No increase in cell density was observed in that period. After incubation the culture media were removed, the cells were washed with PBS and submitted to the action of lysis buffer for determination of acid β-d-galactosidase and protein assay. It allowed the detachment of the cells and extracellular matrix from the bottom of culture vessels and their suspension in the buffer. The cells incubated on Petri dishes were used for cytochemical detection of SA-β-galactosidase.
Detection of SA-β-galactosidase. Cells were incubated in high-or low-glucose DMEM. The incubation was continued for 12, 24 or 48 h. After this time the medium was removed and the cells were washed with 2 ml of PBS. SA-β-galactosidase-positive cells were detected using Senescence Detection Kit (bioVision). Briefly, the cells were fixed with 1 ml of Fixative Solution for 15 minutes at room temperature and washed with 2 ml of PBS. After washing Staining Solutions Mix was added [940 µl of Staining Solution, 10 µl of Staining Supplement and 10 µl of 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-gal) at 20 mg/ml concentration] at pH 6.0, which pH ensures that nonsenescent cells remain unstained. The cells were incubated for 12 h at 37°C, washed with PBS and photographed.
Determination of acid β-d-galactosidase activity. The activity of acid β-d-galactosidase was determined colorimetrically by the method of Chatterjee et al. (1975) . Briefly, 40 µl of 0.1 M phosphate-citrate buffer (pH 4.3) and 30 µl of 20 mM solution of p-nitrophenyl β-d-galactopyranoside were added to 10 µl of cell lysate. The samples were incubated at 37°C for 60 minutes. The enzymatic reaction was terminated by adding 200 µl of 0.2 M borate buffer (pH 9.8). The released p-nitrophenol was measured colorimetrically using an Infinite M200 microplate reader (Tecan, Austria) and computer program Magellan 6 (Tecan, Austria). Absorbance was measured in duplicate, at wavelength λ = 405 nm. The enzyme activity was expressed as picokatal per mg of protein (pkat/mg).
Detection of apoptosis and necrosis. Apoptosis and necrosis was evaluated by flow cytometry on FACSCanto II cytometer (Becton Dickinson). The cells were trypsinised, resuspended in DMEM and then in binding buffer. Cells were stained with FITC Annexin V and PI for 15 min at room temperature in the dark following the manufacturer's instructions (FITC Annnexin V apoptosis detection Kit I). Data were analysed with FACSDiva software and dead cells were excluded based on forward-and side-scatter parameters.
Sodium dodecyl sulphate/Polyacrylamide gel electrophoresis (SDS/PAGE). Cells were washed with cold PBS and solubilised in 200 μl of passive lysis buffer per well. The lysates were centrifuged for 10 min, at 10 000 × g, at 4°C. Samples of lysates containing 30 μg of protein were subjected to SDS/ PAGE, as described by Laemmli (1970) . The following Bio-Rad unstained standards were used: myosin (200 kDa), galactosidase (116.2 kDa), phosphorylase b (97.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa). The electrophoresis was run for 40-45 minutes. In each experiment 7.5% polyacrylamide gel and constant current (25 mA) were used.
Immunoblotting. The proteins were transferred to nitrocellulose membranes and then pre-treated for 2 hours with Tris/buffered saline (TBS) containing 0.05% Tween 20 (TBS-T) and 5% non-fat dry milk, at room temperature. Membranes were probed for 16 h with a mixture containing anti-ORP150 antibody (1:1000) in 5% dry milk in TBS-T, at 4°C. Then the alkaline phosphatase-conjugated antibody against mouse IgG (whole molecule) at a 1:7500 dilution was added for 1 h in TBS-T with slow shaking. The membrane was washed with TBS-T (five times for 5 min) and exposed to Sigma-Fast BCIP/NBT reagent.
Protein assay. Protein concentration in cell lysates was determined by the method of Smith et al. (1985) using BCA Protein Assay Kit (Thermo Scientific, USA). Bovine serum albumin was used as a standard.
Statistical analysis. Mean values for seven assays ± standard deviations (SD) were calculated. Statistical analysis was performed using Student's t-test.
ResuLts the effect of glucose deprivation on the expression of ORP150 Figure 1 shows the expression of ORP150 and its glycosylated form GRP170 in fibroblasts (Fig. 1A, B) and in MCF7 cells (Fig. 1C, D) . It is apparent that the expression of these proteins depends on the presence of glucose in culture medium and changes during the incubation.
The expression of GRP170 in fibroblasts was observed in cultures incubated both in high-glucose and low-glucose DMEM, independently of incubation time
Figure 1. Western immunoblot analysis (A, C) and densitometric analysis (B, D) of GRP170/ORP150 synthesised by fibroblasts (A, B) and MCF7 cells (C, D).
Cells were grown in high-glucose (H) or low-glucose (L) DMEM for 12 h, 24 h or 48 h. Samples containing 30 μg of protein were analyzed.
( Fig. 1A; lanes 1-6) . It is of interest that fibroblasts incubated in high-glucose ( Fig. 1A; lane 1) or low-glucose DMEM (lane 2) for 12 h did not express ORP150. Prolongation of incubation up to 24 h in low-glucose medium resulted in the appearance of ORP150 (Fig 1A; lane 4) and its increased amount during further incubation up to 48 h (Fig. 1A; lane 6) . No such phenomenon was observed in high-glucose medium. Fibroblasts did not express ORP150 in this conditions. These observations were confirmed by densitometric analysis (Fig. 1B) .
The expression of GRP170 in MCF7 cells was observed in cultures incubated both in high-glucose and low-glucose DMEM, independently of incubation time ( Fig. 1C; lanes 1-6) . The MCF7 cells incubated in high-glucose ( Fig. 1C; lanes 1 and 3) or low-glucose DMEM (lanes 2 and 4) for 12 h or 24 h did not express ORP150. We observed strong expression of GRP170 only. Prolongation of incubation in high-glucose DMEM up to 48 h resulted in reduction of GRP170 expression ( Fig. 1C; lane 5) . Incubation for 48 h in low-glucose DMEM resulted in strong expression of ORP150 ( Fig.  1C; lane 6) . These conclusions were confirmed by densitometric analysis (Fig. 1D) .
the effect of glucose deprivation on sA β-galactosidase expression
The SA-β-galactosidase expression was determined with the use of chromogenic X-gal substrate. Normal dividing cells do not hydrolyse this substrate. However, cells with a division blockade become intensely blue stained due to SA-β-galactosidase expression. Figure 2 displays representative photographs of fibroblasts ( Fig. 2A ) and MCF7 cells (Fig. 2B ) positive for SA-β-galactosidase staining. The SA-β-galactosidase activity was nearly constant in fibroblasts cultured for 12 h in low or high-glucose medium. In contrast, the MCF7 cells cultured for 12 h in low-glucose medium showed a higher SA-β-galactosidase expression in comparison to cells maintained in high-glucose medium. After 24 h of incubation no differences were observed between cultures incubated in high or low-glucose media for either cell line. The prolongation of incubation time up to 48 h in low-glucose medium caused contrasting changes of SA-β-galactosidase expression in the investigated cells. Whereas in fibroblasts it increased significantly, a deep decrease of this enzymes expression was observed in MCF7 cells (Fig. 2) .
the effect of glucose deprivation on acid β-Dgalactosidase activity
We looked next for the effect of glucose deprivation on acid β-d-galactosidase activity. Figure 3 shows the β-d-galactosidase activity in fibroblasts and in MCF7 cells cultured in high-or low-glucose DMEM. After 12 h of culturing of fibroblasts in low-glucose DMEM a slight decrease of this enzymes activity was observed in comparison to the cells maintained in high-glucose medium. In contrast to fibroblasts, the activity of acid β-d-galactosidase in MCF7 cells incubated in low-glucose medium was significantly higher (Fig. 3B) . After 24 h of culturing no differences between cultures incubated in high or low-glucose media were observed for either cell line. Further prolongation of incubation to 48 h resulted in a slight increase of acid β-d-galactosidase activity in fibroblasts, and a significant decrease in MCF7 cells (Fig. 3) . Figure 4 shows the percentage of apoptotic and necrotic fibroblasts and MCF7 cells incubated in high-or low-glucose DMEM. No significant differences between cultures were observed regardless of cell type, medium, or culture duration up to 24 hours (Fig. 4A, B) . Further incubation to 48 h resulted in different effects in fibroblasts and MCF7 cells. In fibroblasts the apoptosis frequency did not change significantly in low-or highglucose medium (Fig. 4A) , whereas the MCF7 cells demonstrated 35% reduction of apoptosis in comparison to cells maintained in high-glucose medium. Those cultured in high-glucose medium showed no significant change compared to shortage culturing (Fig. 4B) .
the effect of glucose deprivation on apoptosis and necrosis
It is apparent from Fig. 4C that fibroblasts demonstrated a low tendency to undergo necrosis which, increased with the incubation time in low-glucose medium only. The MCF7 cells demonstrated significantly higher tendency to undergo necrosis in comparison to fibroblasts in either medium; the rate of necrosis roughly doubled in 48-hour cultures (Fig. 4D) .
DIsCussIOn
We have shown in this study that glucose deprivation evokes inducible overexpression of ORP150 in fibroblasts and in human breast carcinoma cells. In contrast to normal fibroblasts, this phenomenon was accompanied by inhibition of apoptosis and senescence of MCF7 cells incubated in low-glucose medium. We observed opposite changes in SA-β-galactosidase expression and in acid β-d-galactosidase activity in MCF7 cells in comparison to normal fibroblasts. Whereas in fibroblasts the expression and activity of these enzymes in low-glucose medium significantly increased in comparison with highglucose medium, a deep decrease of those parameters was observed in MCF7 cells. The breast cancer cells cultured in low-glucose medium for 48 h showed significantly lower expression of SA-β-galactosidase and reduced acid β-d-galactosidase activity in comparison with the same cells cultured in high-glucose medium.
We observed ORP150 induction in fibroblasts and in MCF7 cells incubated in low-glucose medium, in ER stress conditions. We suggest that inducible overexpression of ORP150 affects the expression of SA-β-galactosidase and the activity of acid β-galactosidase, biomarkers of cellular senescence. Increased chaperone synthesis has been shown to promote cancer cell proliferation and resistance to chemotherapeutic drugs. Thus, in most tumours such as breast, lung and prostate cancers, large accumulation of cytoprotective proteins has been detected. These proteins can be found inside the cell as well as in the extracellular matrix (ECM). Chaperones located in the ECM are able to either stimulate or suppress the immunological system (Sherman & Multhoff, 2007) . What may be the specific physiological significance of the increased chaperone expression in cancers? Activation of certain oncogenes (e.g. RAS, HER-2 or PTEN mutation) in normal cells stimulates TP53 and forces cells to senescence, which serves as an important defense mechanism against cancer transformation. Depletion of various chaperones triggers senescence, suggesting that these proteins serve as endogenous suppressors of a latent senescence program. In other words, in many cancers vari- ous chaperones keep P53 under control, thus allowing cancer transformation to occur. The inhibition of P53 biosynthesis and functioning is one of the mechanisms protecting cancer cells against senescence. It is possible that tumours accumulate chaperones to avoid the oncogene-induced senescence. This mechanism of evading activation of the senescence program in tumours could be an alternative to acquiring mutations in the TP53 pathway, which takes place in many tumours (Sherman & Multhoff, 2007) .
In agreement with the cytoprotective role of molecular chaperones it has been shown that they can prevent stress-induced apoptotic death (Soti et al., 2003; Mosser & Morimoto; . Overexpression of Hsp70 chaperones (ORP150 belongs to this family) prevents cytochrome c release from mitochondria, blocks apoptosome formation by binding to the apoptotic protease-activating factor (Apaf-1), inhibits the release of apoptosis inducing factor (AIF) from mitochondria and prevents the loss of mitochondrial transmembrane potential. The AIF released from mitochondria binds to HSP70 and this interaction makes the nuclear import of AIF impossible (Mosser & Morimoto; .
Little is known about the functions of chaperones in non-dividing cells. Senescence is thought to play an important role in tumour suppression. Cellular senescence is more than just replicative senescence. It is a common program that is activated by normal cells in response to various types of stress. It has been named "stress-induced premature senescence" (SIPS) (Palaniyappan, 2009 ). This type of senescence can act as a tumour suppressor in order to prevent damaged cells from multiplying as well as result from therapeutic treatments (Saretzki, 2010) . Tumour suppressors prevent cells from transforming into cancer by forming molecular barriers for genomic instability and infinite proliferation. They normally induce either apoptosis or a permanent cell cycle arrest -senescence. Unfortunately, the factors that determine whether a cell enters apoptosis or senescence remain unrecognized (Saretzki, 2010) .
The senescence program seems to represent a major obstacle to cancer emergence. Indeed, limiting cell division seems to be a perfect way of preventing tumour growth (Parkinson et al., 2005) . Another alternative to achieve the same goal is through activation of apoptosis. Mammalian cells appear to utilise both programs to counteract the action of major oncogenes. In fact, as counterintuitive as it sounds, overexpression of major oncogenes can either activate apoptosis, as seen with MYC, or trigger senescence as seen with RAS, HER-2, PTEN, RAF, and other oncogenes of the RAS family (Mason et al., 2004; Chen et al., 2005) . Many cancer cells still can undergo senescence (so-called premature senescence) in response to activation of oncogenes: RAS or HER-2, or to various DNA-damaging drugs, like doxorubicin (Chang et al., 1999a; Chang et al., 1999b; Roninson, 2003; Dimri, 2005; Collado, 2007; Palaniyappan, 2009) . In fact, the major mechanism of action of many anti-cancer drugs seems to be activation of the premature senescence program Narita & Lowe, 2004 ). These findings demonstrate that the senescence program remains functional even after cancer transformation. Premature senescence in cancer cells depends upon activation of the cell cycle inhibitor P21, while P16 seems to be involved only in senescence of normal cells (Saretzki, 2010) .
Induction of chaperones in cancer cells can lead to cancer progression and may be a major cause of chemotherapeutics resistance. It is one of the mechanisms protecting cancer cells against entering the apoptotic family. Hence, chaperone inhibition may be a promising tool to decrease cytoprotection and to initiate apoptosis of cancer cells (Saretzki, 2010) . Senescence and apoptosis normally counteract tumour development and to proliferate cancer cells must therefore overcome these important tumour suppressor mechanisms. Senescence emerges as an important tumour suppressor mechanism in vivo. Understanding and application of cellular senescence for cancer therapy has recently become a field of extensive research.
Our results indicate that inducible overexpression of ORP150, in ER stress conditions, exerts inhibitory effect on apoptosis and senescence in human breast carcinoma cells but not in normal fibroblasts. We suggest that ORP150 induction in cancer cells can lead to cancer progression and may be a major cause of chemotherapeutics resistance. It may be one of the mechanisms protecting cancer cells against entering the apoptotic pathway.
